1.. Introduction {#S0001}
================

Polyurethanes (PUs) were first discovered by Otto Bayer in the 1940s \[[@CIT0001]\]. Since their discovery, PUs have increasingly attracted attention because of their wide range of industrial applications such as in shipbuilding, automobiles, footwear, and construction \[[@CIT0002]\]. PUs are usually obtained from the exothermic reaction between polyisocyanates and polyols \[[@CIT0004]\], and ingredients such as long chain polyols, diisocyanate, and short chain extenders and employed to control their thermoplastic properties \[[@CIT0005]\]. PUs can be synthesized to form elastomers with various properties through various ratios of soft and hard segments. Their unique properties have led to widespread research on applications such as adhesives, sealants, textiles, medical equipment, and waterproof coating \[[@CIT0006]\].

Shape-memory polymers (SMPs) have the ability to 'remember' their shape and recover to this permanent shape after a deformation has been induced by an external stimulus \[[@CIT0011]\]. Shape-memory effects may be triggered by stimuli such as temperature, light, and pH \[[@CIT0005]\]. For example, in thermally induced SMPs, the thermoreversible phase that serves as a 'switch' is the transition between the glass transition temperature (T~g~) and the melting point (T~m~) \[[@CIT0012]\]. Light-induced SMPs achieve the reversible process when stimulated by molecular switches \[[@CIT0013]\]. In addition, other shape-memory effects such as moisture sensitivity can act as molecular switches \[[@CIT0014]\]. Compared with shape-memory alloys, SMPs have advantages such as extremely flexible processing conditions, brightness, weight, and material design \[[@CIT0011]\]. Papers have reported that pyridine-containing urethanes can be used as a shape-memory material and confirmed that the movement of pyridine-containing polymer chains is influenced by the dissociation of hydrogen bonds, leading to the strain recovery of PUs. In addition, one study examined the moisture absorption of pyridyl units and concluded that moisture sensitivity can be a molecular switch for pyridine-containing PUs \[[@CIT0020]\].

Some recent studies have investigated the thermoreversible noncovalent bonds of SMPs. In one study \[[@CIT0021]\], the authors synthesized supramolecular PU networks containing pyridine moieties and observed hydrogen bonding between the nitrogen atoms in the pyridine and N--H bonds. The effect of ambient temperature on these hydrogen bonds enabled 90% shape memory of the PUs. The pyridine-containing supramolecular PUs synthesized in \[[@CIT0022]\] used the nitrogen atoms in the pyridine to facilitate hydrogen bonding with urethane segments. These hydrogen bonds served as the molecular switch and enabled the shape-memory effect of the PUs.

Some other studies have introduced highly functional pyridine rings to polymers through chemical synthesis. For example, the authors of \[[@CIT0023]\] used 2,6- pyridinedicarboxamide as the chain extender to synthesize linear and crosslinked PUs. Thermogravimetric analysis (TGA) revealed that the crosslinked PUs had substantially improved thermal stability and mechanical properties. By contrast, another study \[[@CIT0024]\] used 1,6-hexamethylene diisocyanate with 2,3-dihydroxy-pyridine or 2-amino-3-hydroxy-pyridine as the chain extender to synthesize PUs. The results revealed that the fixed polymer segment did not contribute to the segmental relaxation, resulting in dielectric strength decreases with the presence of crosslinks.

In the present study, 2,6-diaminopyridine and 4-hydroxybenzaldehyde were synthesized to obtain the pyridine-containing chain extender N,N′-bis(4-hydroxybenzylidene)-2,6-diaminopyridine (BHBP). Both the nitrogen atoms of pyridyl and imine groups in BHBP units can form hydrogen bondings with N-H groups in the PU units theoretically. The above hydrogen bonding favors the shape memory effect of BHBP/PU polymers. In addition the phenylene groups of BHBP units can enhance the thermal resistance and mechanical strength of the polymers. Due to this special structure of BHBP, we use it as a chain extender in this work. Subsequently, polytetramethylene glycol (PTMG) and 4,4'-diphenylmethane diisocyanate (MDI) were reacted to obtain the prepolymer of the target PU. The BHBP chain extender was added to the prepolymer to form BHBP/PU polymers. Altering the soft and hard segments of the PTMG and the BHBP content, this study investigated the thermal properties, mechanical properties, shape recovery, and moisture sensitivity of the BHBP/PU polymers.

2.. Experimental {#S0002}
================

2.1.. Materials and synthesis of BHBP/PUs {#S0003}
-----------------------------------------

MDI was purchased from Sigma-Aldrich. PTMG (Mw = 1000) was obtained from Polyscience (U.S.A.). N,N-dimethylacetamide (DMAc) was obtained from Mallinckrodt Chemicals. BHBP was synthesized using the method described in \[[@CIT0025]\]. All the raw materials used were synthetic grade.

The prepolymer in this experiment consisted of aromatic MDI as the hard segment and PTMG as the soft segment, whereas the chain extender was BHBP. First, MDI, PTMG, and DMAc were placed in a 500-mL three-necked reaction flask. After being heated to 80 °C in nitrogen atmosphere, the flask was placed in a mechanical stirrer operated at 200 rpm. The prepolymer was formed after 2 h of stirring. Subsequently, BHBP was dissolved in DMAc before being added to the prepolymer and the mixture was left to react for 2 h (Scheme [1](#F0009){ref-type="fig"}). The BHBP/PU solutions were poured into serum bottles (Figure [1](#F0001){ref-type="fig"}) and stored in a refrigerator for one day to eliminate possible bubbles in the viscous BHBP/PU solutions. Subsequently, the BHBP/PU solutions were poured into polytetrafluoroethylene (Teflon) molds and placed in a heating oven at 80 °C for 8 h to remove most DMAC solvent gradually. The heating temperature at 80 °C that far below the boil point (165 °C) of DMAc can avoid causing bubbles during the mild evaporation of DMAc. Then, the crude BHBP/PU films were heated in the oven at 100 °C under dynamic vacuum for 8 h to remove residual DMAc completely. Finally, the obtained BHBP/PU thin films were removed from the Teflon molds, designated as BHBP/PU-1, BHBP/PU-2 and BHBP/PU-3. All the raw materials used for preparing BHBP/PU solutions were synthetic grade and no free NCO groups were detected (indicating complete reaction of monomers) by FT-IR spectroscopy as discussed in the following '2.2 Gel permeation chromatography' subsection. Thus the BHBP/PU polymers could be directly used in the characterization and performance tests without prior purification. Table [1](#T0001){ref-type="table"} shows the chemical formulae and hard and soft segment contents of each BHBP/PU. The hard and soft segment contents were obtained using the following equations:
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Picture of one BHBP/PU solution.
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###### Formula of the BHBP/PUs.

  Designation   MDI (moles)   PTMG (moles)   BHBP (moles)   Hard segment (wt%)   Soft segment (wt%)
  ------------- ------------- -------------- -------------- -------------------- --------------------
  BHBP/PU-1     4             3.50           0.50           24.87                75.13
  BHBP/PU-2     4             3.25           0.75           27.58                72.42
  BHBP/PU-3     4             3.00           1.00           30.51                69.49

Hard segment content (wt%) = $\frac{W_{\mathit{MDI}} + W_{\mathit{BHBP}}}{W_{\mathit{MDI}} + W_{\mathit{PTMG}} + W_{\mathit{BHBP}}} \times \, 100\%$ (2.1)

Soft segment content (wt%) = 100% − Hard segment content (wt%) (2.2)•*W*~*MDI*~: molar weight of MDI•*W*~*BHBP*~: molar weight of BHBP•*W*~*PTMG*~: molar weight of PTMG

### 2.1.1.. Gel permeation chromatography (GPC) {#S0004}

GPC was performed using an Analytical Scientific Instruments Model 500. A refractive index detector (Schambeck RI2000), two Jordi divinylbenzene columns in a series of mixed beds, and a 10^4^-Å bed at 30 °C were used to measure the molecular weight distribution relative to the polystyrene standard. The eight standard samples for calibration had a molecular range of 3.42 × 10^3^ to 2.57 × 10^6^. The carrier solvent was tetrahydrofuran, and the flow rate used was 1 mL/min.

### 2.1.2.. Fourier transform infrared spectroscopy (FT-IR) {#S0005}

FT-IR was performed using a PerkinElmer spectrometer (Model Spectrum One) with a scanning range of 4000--650 cm^−1^ and a resolution of 2 cm^−1^. The values of 16 scans were averaged.

### 2.1.3.. Thermogravimetric analysis (TGA) {#S0006}

TGA was conducted using a PerkinElmer analyzer (Model Pyris 1). The BHBP/PU samples were used in masses of 5--8 mg. The initial temperature under nitrogen atmosphere was set at 50 °C and was increased to 700 °C using a heating rate of 10 °C/min.

### 2.1.4.. Differential scanning calorimetry (DSC) {#S0007}

DSC was performed using a PerkinElmer calorimeter (model Jade). The BHBP/PU samples were sealed on a covered aluminum plate and scanned at 10 °C/min in nitrogen atmosphere of −80 to 50 °C. T~g~ was determined by the midpoint of the slope of the DSC curve. All tested BHBP/PU samples were used in masses of 5--8 mg.

### 2.1.5.. Dynamic mechanical analysis (DMA) {#S0008}

DMA was performed using a Seiko dynamic mechanical spectrometer (Model SII Muse, DMS6100). The BHBP/PU films had dimensions of 20 × 5 × 0.2 mm^3^ (L × W × H). The stress test conducted between −50 and 50 °C had the following parameters: 1-Hz frequency, 5-μm amplitude, and 3 °C/min heating rate.

### 2.1.6.. Universal testing machine {#S0009}

Destructive physical analysis was conducted using BHBP/PU thin films with dimensions of 45 × 8 × 0.2 mm^3^ (L × W × H) under the ASTM D-638 standard. A universal testing machine was used to measure the tensile strength and elongation at break of the BHBP/PU samples and obtain destructive test data.

### 2.1.7.. Shape recovery test {#S0010}

A cyclic tensile loading test was performed using a test machine with a temperature control chamber. The samples consisted of thin films with dimensions of 40 × 5.0 × 0.5 mm^3^ (L × W × H). The samples were placed in the chamber at under room temperature and heated to 65 °C using a heating rate of 3 °C/min. After 10 min, stress was applied using a crosshead speed of 10 mm/min at 65 °C. The strain measured in the 100% stretched samples was denoted *ε*~*m*~.

Subsequently, the samples were rapidly cooled to 25 °C, and the strain measured after 10 min of stress relief at 25 °C was denoted *ε*~*u*~. Finally, the samples were heated to 85 °C using a heating rate of 3 °C/min, and the strain measured 10 min later was denoted *ε*~*p*~. The following equations were then used to assess each sample's shape recovery:

Shape recovery (%), $R_{r} = \frac{\left( {\varepsilon_{m} - \varepsilon_{p}} \right)}{\varepsilon_{m}} \times 100$ (2.3)

Shape fixity (%), $R_{f} = \frac{\varepsilon_{u}}{\varepsilon_{m}} \times 100$ (2.4)

3.. Results and discussion {#S0011}
==========================

3.1.. GPC analyses {#S0012}
------------------

Figure [2](#F0002){ref-type="fig"} presents the GPC chromatograms of BHBP/PU samples with various proportions of BHBP. The curves of all three samples were unimodal, indicating no residual raw materials in the samples. Figure [2](#F0002){ref-type="fig"} displays both the weight-averaged molecular weight (M~w~) and number-averaged molecular weight (M~n~) of each BHBP/PU sample. The samples with higher BHBP content had higher molecular weight (Table [2](#T0002){ref-type="table"}). Molecular weight was depicted by the fraction M~w~/M~n~. In this study, the fraction ranged between 1.4 and 1.6. As the BHBP content was increased, the BHBP/PU molecular distribution became narrower.

###### 

GPC curves of BHBP/PUs.

![](TDMP_A_1450467_F0002_OC)

![](TDMP_A_1450467_F0002_PB)

3.2.. FT-IR spectra {#S0013}
-------------------

Figure [3](#F0003){ref-type="fig"}(a) presents the FT-IR spectra of the BHBP/PU samples between the wavelengths 4000 and 650 cm^−1^. Five major peaks were observed in all samples: a N--H stretching vibration peak at approximately 3306 cm^−1^; a CH~2~ stretching vibration peak between 2939 and 2854 cm^−1^; a C=O stretching vibration peak at approximately 1729 cm^−1^; a N--H bending vibration peak at approximately 1535 cm^−1^; and a C--O--C stretching vibration peak at approximately 1017 cm^−1^. The FT-IR results demonstrated the formation of PU structures and no free N=C=O groups, the peak of which would have appeared at 2275 and 2240 cm^−1^. During synthesis, the NCO end of the prepolymer had completely reacted with BHBP.

###### 

FT-IR spectra of the BHBP/PUs at the wavenumber range of (a) 4000--650 cm^−1^; (b) 2000--1400 cm^−1^.
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Despite the similarity of the three spectra corresponding to the BHBP/PU samples with various BHBP content, slight variances were observed. Figure [3](#F0003){ref-type="fig"}(b) illustrates that the wave number of the absorption peak ranged between 2000 and 1400 cm^−1^. Free C=O bonds and hydrogen bonds were observed at 1729 and 1708 cm^−1^, respectively. As the BHBP content was increased, the peak corresponding to C=O bonds shifted from 1729 to 1708 cm^−1^ and substantially increased in intensity because of the influence of hydrogen bonds. As the BHBP content was increased, strong hydrogen bonds were formed between the C=O and N--H bonds and between the pyridine rings and N--H bonds in the amine ester groups, forming a complex supramolecular network structure in the BHBP/PU samples. In addition, a C--N--C stretching vibration peak was observed at 1598 cm^−1^ and intensified as the BHBP content was increased.

###### GPC result of BHBP/PUs.

  Sample      Retention time of the peak (min)   $\overline{\mathit{Mn}}$ (× 10^4^)   $\overline{\mathit{Mw}}$ (× 10^4^)   $\overline{\mathit{Mw}}/\overline{\mathit{Mn}}$
  ----------- ---------------------------------- ------------------------------------ ------------------------------------ -------------------------------------------------
  BHBP/PU-1   20.1                               2.88                                 4.70                                 1.6
  BHBP/PU-2   19.5                               4.07                                 6.19                                 1.5
  BHBP/PU-3   19.0                               5.52                                 8.18                                 1.4

3.3.. Thermal properties {#S0014}
------------------------

Figure [4](#F0004){ref-type="fig"} presents the TGA and differential thermogravimetry (DTG) curves of the BHBP/PU samples with various chain extender contents. Two decomposition peaks were observed for each BHBP/PU sample. The decomposition peak with a lower decomposition temperature was the urethane group, whereas that with a higher decomposition temperature was the polyol. Table [3](#T0003){ref-type="table"} lists the initial decomposition temperatures (i.e., onset temperature) of these polymers. The initial decomposition temperatures of BHBP/PU-1, BHBP/PU-2, and BHBP/PU-3 were 333.8, 338.1, and 341.8 °C, respectively, whereas the maximum decomposition temperatures (T~max~) were 402.9, 407.8, and 412.9 °C. BHBP/PU-1 and BHBP/PU-3 had the highest and lowest BHBP content, respectively, and the hard segment content increased as the chain extender content increased. This demonstrated that the introduction of rigid pyridine rings enhanced the thermal resistance of the PU sample. Therefore, the thermal resistance of the polymers increased as the hard segment or chain extender content increased. The pyridine content of BHBP/PU-1, BHBP/PU-2, and BHBP/PU-3 were 0.50, 0.75, and 1.00 mol, respectively. Because BHBP/PU-3 had higher pyridine content than the other two samples, more hydrogen bonds were formed within it. Therefore, hydrogen bonding was also one of the factors affecting the thermal stability of the BHBP/PU samples.

###### 

TGA and DTG curves of the BHBP/PUs.
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###### Thermal properties of the BHBP/PUs.

  Sample      TGA     DSC           
  ----------- ------- ------- ----- -------
  BHBP/PU-1   333.8   402.9   3.5   −55.8
  BHBP/PU-2   338.1   407.8   8.5   −53.5
  BHBP/PU-3   341.8   412.9   9.2   −51.0

Figure [5](#F0005){ref-type="fig"} presents the DSC curves of the three BHBP/PU samples, the features of which are summarized in Table [3](#T0003){ref-type="table"}. T~g~ was found to be independent of its component ratio, indicating a uniform distribution of hard and soft segments in all samples. The T~g~ of BHBP/PU-1, BHBP/PU-2, and BHBP/PU-3 was −55.8, −53.5, and −51.0 °C, respectively. The results revealed that higher BHBP content resulted in higher both T~g~ and dynamic glass transition temperature (T~gd~) of the BHBP/PU samples. This can be attributed to two factors. First, BHBP has a rigid structure. Second, the FT-IR spectra revealed numerous hydrogen bonds in the BHBP/PU samples, and these hydrogen bonds reduced the free volume of the polymer chains and inhibited their movement. The experiment confirmed that adding soft segments shifted the T~g~ of the BHBP/PU to a lower temperature, whereas adding hard segments did the opposite. These results were consistent with those of TGA, which revealed that increasing either BHBP or hard segment content enhanced the thermal stability of the PUs. In addition, Chiu et al. \[[@CIT0020]\] used 2,6-pyridinedimethanol as chain extender to synthesize PU (PDM/PUs). Its Tg temperature is slightly lower than that of BHBP/PUs by about 6 °C. This may be caused because the structure of BHBP chain extender is different from that of 2,6-pyridinedimethanol. BHBP has rigid benzene ring structure, which leads less mobility of polymer chain.

###### 

DSC thermograms of the BHBP/PUs.
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3.4.. DMA {#S0015}
=========

Figure [6](#F0006){ref-type="fig"} shows graphs of the loss modulus (E″), storage modulus (E′), and the tan δ of the BHBP/PU samples. T~gd~ can be determined using the tan δ or E″ curve. According to the tan δ curve, BHBP/PU-1, BHBP/PU-2, and BHBP/PU-3 had a T~gd~ of −39.9, −37.7, and −35.5 °C, respectively. In this study, each T~gd~ obtained using the E″ curve was approximately 8--12 °C lower than that obtained using the tan δ curve. As the BHBP content was increased, T~gd~ increased, consistent with the aforementioned DSC results. In the BHBP/PU samples, strong hydrogen bonds were formed between the pyridine rings and N--H bonds, which inhibited segment movement and thus increased the T~gd~ of the samples. In addition, for both curves, the sample with the highest chain extender content has a higher maximum T~gd~ than those with lower chain extender content. Consequently, the BHBP/PU sample with higher hard segment content had a more elastically solid and less viscously liquid appearance than the other samples, which translated to a lower loss modulus and higher storage modulus. Because tan δ = E″/E′, BHBP/PU-3, which had the highest BHBP content, had the lowest peak value. The influence of hard segment content demonstrated that the polymers with higher chain extender content had lower viscosity (Table [4](#T0004){ref-type="table"}).

###### 

Dynamic mechanical analysis of the BHBP/PUs. (a) Tanδ, (b) loss modulus (E′).
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###### DMA results of the BHBP/PUs.

  Sample      Tgd from Tanδ (℃)   Tan δ~max~   Tgd from E″ (℃)   E″~max~ (MPa)
  ----------- ------------------- ------------ ----------------- ---------------
  BHBP/PU-1   −39.9               0.6022       −51.9             216.2
  BHBP/PU-2   −37.7               0.5840       −45.6             160.2
  BHBP/PU-3   −35.5               0.5714       −43.5             105.9

3.5.. Mechanical property analysis {#S0016}
----------------------------------

Figure [7](#F0007){ref-type="fig"} presents the stress--strain curves of the BHBP/PU samples. The tensile strengths of BHBP/PU-1, BHBP/PU-2, and BHBP/PU-3 were 7.7, 10.9, and 21.6 MPa, respectively, with corresponding Young's moduli of 0.7, 1.9, and 3.3 MPa. These results clearly demonstrated that both the tensile strength and Young's modulus of the samples increased as the BHBP content was increased. This may be because increasing the hard segment content favored the microphase separation of the PUs. Both urethane and BHBP favored strong hydrogen bonding and intensified the microphase separation of the BHBP/PU. The elongation at break of BHBP/PU-1, BHBP/PU-2, and BHBP/PU-3 were 900, 630, and 574%, respectively. These data similarly demonstrated that increasing the hard segment content did not favor the sliding of polymer chains. However, the structure of BHBP chain extender is different from other similar chain extender with pyridine ring structure \[[@CIT0020]\]. It possesses rigid benzene ring structure, so it has lower elongation at break, and this can be expected \[[@CIT0026]\]. Consequently, high BHBP content decreased the elongation at break of the BHBP/PU. In addition, the strong hydrogen bonding observed between the pyridine rings and N--H bonds did not favor the sliding movements of polymer chains and further decreased the elongation at break of the polymers (Table [5](#T0005){ref-type="table"}).

###### 

Tensile properties of the BHBP/PUs stress--strain curve.
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###### Mechanical properties of the BHBP /PUs.

  Sample      Tensile strengths (MPa)   Strain at break (%)   Young's modulus (MPa)
  ----------- ------------------------- --------------------- -----------------------
  BHBP/PU-1   7.7                       900                   0.7
  BHBP/PU-2   10.9                      630                   1.9
  BHBP/PU-3   21.6                      574                   3.3

3.6.. Shape recovery {#S0017}
--------------------

Shape-memory material has the ability to restore itself to its permanent shape after deformation. All three samples in this study exhibited a heat-induced shape memory effect. The stress--strain curves in Figure [8](#F0008){ref-type="fig"} reveal that the three samples could be easily stretched by 100%. Therefore, all samples were extremely soft and could be elongated by 100% at 80 °C, with a higher fixity rate at room temperature because of higher glassy storage modulus. When the temperature was increased to 80 °C, the samples recovered to their original shape. The fixed strain and recovery strain could be used to calculate the shape fixity and shape recovery of the polymers \[[@CIT0022]\]. BHBP/PU-3 exhibited excellent shape fixity (25.2%), whereas that of BHBP/PU-1 was only approximately 17.5% because of the presence of rigid heterocycles or a large volume of hydrogen bonds in the pyridine rings. Shape recovery improved as BHBP content was increased. For example, during the first cycle, BHBP/PU-1 and BHBP/PU-3 had 92.8 and 96.2% shape recovery, respectively. Because of the pyridine ring structure of BHBP, the effect of temperature on hydrogen bonds in the pyridine rings facilitated heat-induced shape recovery. These results demonstrated the substantial influence of pyridine content on both the shape recovery and shape fixity of the PUs. However, BHBP/PUs has higher shape fixity and lower shape recovery compared to other pyridine-containing PU \[[@CIT0020]\]. This may be caused because BHBP has rigid benzene ring structure, which can reduce the flexibility of polymer chain, therefore increase shape fixity and reduce shape recovery of polymer. As the number of cycles increased, both shape recovery and shape fixity gradually decreased (Table [6](#T0006){ref-type="table"}).

###### 

Thermomechanical cyclic behaviour of BHBP/PUs -01 (a), BHBP/PUs -02 (b), BHBP/PUs -03 (c).
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![Representative BHBP/PUs reaction formula.](TDMP_A_1450467_F0009_B){#F0009}

###### Shape recovery of the BHBP/PUs (*N* = number of thermomechanical cycle).

            Shape recovery (%)   Shape fixity (%)                        
  --------- -------------------- ------------------ ------ ------ ------ ------
  *N* = 1   90.7                 94.1               96.2   17.5   21.6   25.2
  *N* = 2   90.4                 93.5               95.7   17.0   21.3   25.1
  *N* = 3   90.0                 93.2               94.7   16.7   20.6   24.4
  *N* = 4   89.5                 92.8               93.6   16.2   19.5   24.1
  *N* = 5   89.0                 91.4               92.7   15.9   19.2   23.7

4.. Conclusion {#S0018}
==============

This study synthesized 2,6-diaminopyridine and 4-hydroxybenzaldehyde to form the pyridine-containing BHBP chain extender. PTMG and MDI were reacted to synthesize the prepolymer. Finally, the BHBP chain extender was added to the prepolymer to formulate BHBP/PU polymers. TGA revealed that the T~g~ and T~gd~ of the BHBP/PU samples increased as the BHBP content was increased, and both the tensile strength and Young's modulus of the BHBP/PUs increased with increasing BHBP content. In addition, the BHBP/PU sample with the highest BHBP content exhibited an excellent shape recovery rate of 96.2%.
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